Key Words: enhanced vegetation index (EVI) forage availability patch burning preferential grazing pyric herbivory tallgrass prairie a b s t r a c t Tallgrass prairie may respond differently to prescribed burning and subsequent preferential grazing, termed pyric herbivory, under variable climate conditions. This 6-yr study (2011À2016) compared tallgrass prairie pastures that were subjected to burned and unburned conditions while exposed to grazing under differing climate conditions in the Southern Great Plains of the United States. The study area consisted of six pastures, three burned and three unburned. Each burned pasture was further divided into three patches and subjected to a 3-yr rotational burning cycle. The Enhanced Vegetation Index (EVI) derived from Landsat 7/8 (EVI LS ) and Moderate Resolution Imaging Spectroradiometer (MODIS, EVI MOD ) was used to indicate vegetation production depending on size of pastures. On the basis of EVI LS , most burned patches (11 of 18) had lesser production (overall difference of 3%) than unburned patches within the same pasture. The differences were larger (13%) in a drought yr (2011) compared with normal (3% in 2013) and wet (<1% in 2015) yrs. The distribution of precipitation controlled EVI LS for periods during and after grazing. The burned patches tended to have lower EVI LS during grazing periods than the unburned patches within the same pasture, probably because of selective grazing of newly grown grass in recently burned patches. In contrast, the differences in EVI LS between during and after grazing periods were mostly (78%) smaller in burned than unburned patches. However, more variations in EVI LS existed among pasture comparisons due to landscape heterogeneity. Similar results were observed with EVI MOD . Overall, results demonstrated that pyric herbivory management and climate determine the impacts of grazing on tallgrass prairie systems. The contrasting seasonal forage availabilities in burned and unburned patches, indicated by different seasonality of EVI, also suggests that patch burning might better balance the quantity and quality of the grass available for cattle grazing.
Introduction
The coupling of prescribed burning and subsequent preferential grazing, often termed pyric herbivory, have been widely used as management tools to sustain grassland ecosystem functions and structures (Westoby et al. 1989; Collins 1992; Collins et al. 1998; Fuhlendorf and Engle 2001; Brockway et al. 2002; Twidwell et al. 2013; Reinhart et al. 2016; Bielski et al. 2018) . Pyric herbivory has been proven to promote heterogeneity and temporal stability of grassland aboveground biomass when compared with management practices that are more homogenous in nature (e.g., whole-field burning or grazing) (McGranahan et al. 2016; Bielski et al. 2018; McGranahan et al. 2018) . Grassland heterogeneity is vital to sustain long-term support for intensely grazed lands as a diversified grassland can better withstand stressors such as climatic variability (Scoones 1993; Ash et al. 2002; Winter et al. 2011; Fynn 2012) . The pyric herbivory model allows cattle to graze freely, providing an opportunity to choose between burned and unburned patches within a single pasture. Heterogeneity is only one positive effect as within pyric herbivory, prescribed burning can improve the quality of grasslands by increasing forage palatability and crude protein (Engle et al. 1998; Tony 1989) and is a proven method of controlling woody plant encroachment and weeds (Engle and Stritzke 1991; Twidwell et al. 2013 ). In addition, the impact of grazing on these grasslands depends on the types of grazing animals (e.g., bison [Bison bison bison] versus cattle [Bos taurus]), grazing timing, duration, intensity, and how freely (or limited) the interactions are for fire and grazing (Hickman et al. 2004; Towne et al. 2005) .
Previous studies have investigated the impacts of pyric herbivory on forage production and species composition in tallgrass prairie systems of the Southern Great Plains (SGP) of the United States (Towne and Owensby 1984; Collins 1987; Collins 1992; Vinton et al. 1993; Collins et al. 1998; Engle et al. 1998; Knapp et al. 1999; Fuhlendorf and Engle 2004; Hickman et al. 2004 ). Although some of these studies indicated that pyric herbivory played an important role in affecting species composition and vegetation production in tallgrass prairie (Collins 1987; Vinton et al. 1993; Fuhlendorf and Engle 2004) , the importance of climate has been less understood. Filling this gap in research is important as tallgrass prairie pastures may respond differently to pyric herbivory under different climate conditions (Briggs and Knapp 1995) .
Most methods analyzing the impacts of pyric herbivory on tallgrass prairie systems have used field survey data, limited in sampling size (e.g., 50 Â 50 cm quadrats for vegetation sampling) and frequency (e.g., sampling once per growing season) (Towne and Owensby 1984; Collins 1987; Coppedge and Shaw 1998; Engle et al. 1998; Towne et al. 2005) . This could hamper the capability of evaluating the impacts of pyric herbivory on forage seasonality (quantity and quality) at a landscape scale. Compared with time-consuming and labor-intensive field data collection, periodic and long-term satellite remote sensing has the advantage of covering larger areas and providing consistent observations. Thus, satellite remote sensing methods have also been used in quantifying the impacts of burning and grazing on grasslands (Wessman et al. 1997; Lentile et al. 2006; Numata et al. 2007) .
When employing remote sensing methodologies, it is important to consider the tradeoff between spatial and temporal resolutions, especially in studies affected by seasonality. Landsat has a spatial resolution of 30 m in visible and near infrared (NIR) bands but a relatively long revisit time (16 d). Landsat can capture the heterogeneity of the landscape but may not capture the seasonality of grasslands. Alternatively, the widely used Moderate Resolution Imaging Spectroradiometer (MODIS) surface reflectance products have a spatial resolution of~500 m but can provide an 8-d temporal resolution, which makes it more suitable for evaluating grassland seasonality. Thus, the impact of pyric herbivory on grasslands may be better captured using a combination of MODIS and Landsat data. As a reflection of greenness, the Normalized Difference Vegetation Index (NDVI) has been used to reflect the impacts of burning and grazing on grasslands (Wessman et al. 1997; Díaz-Delgado et al. 2003; Numata et al. 2007 ). The Enhanced Vegetation Index (EVI) has been used in similar studies (Vescovo et al. 2012) . The EVI corrects for the differences in atmospheric conditions and solar incidence angles better than NDVI (Huete et al., 2002 ), suggesting that EVI would be more reliable for a time series analysis concerned with grassland seasonality. Furthermore, EVI is well considered to be an indicator of biophysical variables such as biomass and photosynthetic activity, thus allowing us to use EVI as a proxy for plant health (Xavier et al. 2006; Fernandes et al. 2011; Monteiro et al. 2012) .
To assess the impacts of pyric herbivory on tallgrass prairie under variable climate conditions, this 6-yr (2011À2016) study compared tallgrass prairie pastures that were subject to burned and unburned conditions through use of EVI derived from two satellite datasets. The experiment divided each of the designated burning pastures into three smaller patches (without a physical fence), and each smaller patch was subject to rotational burning (i.e., Patch A burned first year, Patch B burned second year, Patch C burned third year, Patch A burned fourth year, etc.). Dividing the pastures without a fence enabled us to investigate the impacts of patch burning (Fuhlendorf and Engle 2004) on cattle grazing behavior (e.g., selective/focal grazing). During the study period, there were large variations in annual and seasonal precipitation, providing a unique opportunity to investigate the interactions of burning, grazing, and climate on tallgrass prairie systems.
Materials and Methods

Study Area and Experiment Design
The study area is a tallgrass prairie region located at the Noble Research Institute in Ardmore, Oklahoma. Major soil types are Eroded Sandy Savannah PE 44-64, Sandy Savannah PE 44-64, and Very Shallow PE 56-66, according to the US Department of Agriculture (USDA)ÀNatural Resources Conservation Service Soil Survey (Fig. S1 , available online at: https://doi.org/10.1016/j.rama.2019.10. 002). The major grass species were little bluestem (Schizachyrium scoparium [Michx.] Nash), big bluestem (Andropogon gerardii Vitman), indiangrass (Sorghastrum nutans [L.] Nash), and switchgrass (Panicum virgatum [L.]) (Engle et al. 1998 ). However, portions of the study area were mostly shrubs and trees that were not grazable by cattle. Thus, we excluded areas encroached by woody plants to extract only the grazable portions of the pasture (first step in Fig. 1 ). The land was purchased in the early 2000s. There was little to no use of these lands from its purchase to 2011 when the experiment began. However, before the early 2000s it is suspected that the lands were used for year-long moderate to heavy cattle grazing. There was certainly no use for grazing from 2005 to 2008.
The study area was divided into six pastures identified as Pasture 1-6 ( Fig. 2 ). Pastures 2, 3, and 5 were not burned. Pastures 1, 4, and 6 were further divided into three small patches (Patches A, B, and C) without a physical boundary. Dimensions of pastures and patches are presented in Table 1 . Patches A, B, and C were on a triennial burning cycle. For example, Patch A was burned in 2011, Patch B was burned in 2012, and Patch C was burned in 2013. Then the triennial burning cycle repeated from 2014 to 2016. All of the pastures were exposed to the same stocking rate.
Prescribed burns were conducted in late winter/early spring (February or March). For prescribed burnings, we ensured relative humidity was 25À60%, wind speed was 8À29 km/h, and temperature was À1 C to 32 C. Drip torches were used for ignition. The ignition was typically performed by two ignition crews, each with a fire engine crew. We ignited along mowed fire lines, beginning on the downwind side of the burn patch igniting back fire, proceeding to the flank and igniting flank fires on each flank, and finally igniting the head fire once a sufficient black line had developed. Stripping techniques were used as needed in the back firing and flank firing operations. Wildfires and fire sometimes escaped from the prescribed burnings interfering with portions of the study area and were excluded from the data analysis. Cattle grazing started around mid-April and ended around mid-July each year. The cattle introduced for grazing were stocker cattle that weighed from 250 to 275 kg. The number of cattle used for grazing in each pasture was correlated to the grazable area of each pasture to generate similar stocking rates (Table 2) . Stocking rates were calculated using the following equation: More specifically, the mean and range of grazing d were 90.5 and 88 to 94, respectively. The average number of actual head introduced to Pastures 1 to 6 throughout the study period were 39, 79, 59, 62, 66, and 90, respectively. For more detailed information regarding grazing management, refer to Table S1, available online at: https://doi.org/10.1016/j.rama.2019.10.002 The introduced cattle remained on the same pasture throughout the grazing period. Because there were no physical fences between burned and unburned patches, the cattle had access to both burned and unburned patches within the same pasture. The cattle were moved in (around d of yr;~DOY 111) and out (~DOY 202) of the pastures around the same time each yr to produce the same grazing duration.
Climate Data
The precipitation data were collected from the gridMet, a dataset of daily high-spatial resolution (~4 km, 1/24th degree) surface meteorological data covering the contiguous United States (Abatzoglou 2013) . Six grid cells were overlapped with the study area; thus, the daily precipitation values for these six grid cells were averaged to represent precipitation for the study area as a whole. The daily precipitation was then aggregated into monthly and growing season (AprilÀOctober) precipitation. Figure 3 shows the growing season precipitation from 2011 to 2016 overlaid with the long-term (30-yr) average precipitation value from the same dataset.
Enhanced Vegetation Index Derived from Landsat and MODIS
As Landsat 8 data (started from 2013) did not cover the entire study period (2011À2016), we also used Landsat 7 data, which have been operating without the scan line corrector (SLC) since 2003. Surface reflectance products (Tier 2) from Landsat 7 and Landsat 8 covering the study area were downloaded from the USGS Earth-Explorer (http://earthexplorer.usgs.gov). Because of their similar band configuration, we treated data from both Landsat 7 and Landsat 8 as one dataset in our analysis. Since Landsat 8 started operation on 11 February, 2013, we had a temporal resolution of 16 d for 2011 and 2012 with only Landsat 7 in operation. After February 2013, both Landsat 7 and 8 were producing data and generated a higher temporal resolution dataset (8 d) due to their offset geocentric orbits. The number of Landsat images used each yr in the analysis can be found in Table 3 . Only clear pixels (i.e., those without cloud interference, etc.) were included in the data analysis on the basis of the quality assessment band (Zhou et al. 2016; Zhou et al. 2017) .
The MOD09A1 provides surface reflectance of seven spectral bands: blue (459À479 nm), green (545À565 nm), red (620À670 nm), two near infrared (NIR 1 : 841À876 nm; NIR 2 : 1 230À1 250 nm), and two shortwave infrared (SWIR 1 : 1 628À1 652 nm, SWIR 2 : 2 105À2 155 nm), at an 8-d interval with~500-m spatial resolution (Vermote 2015) . It also includes quality control flags for consideration of various image artifacts (e.g., clouds and cloud shadow). The MOD09A1 data covering the study area were downloaded from NASA Earthdata (https://earthdata.nasa.gov/) for the study period (2011À2016). For each yr, MODIS data had 46 images for data analysis. We used the quality control bands to mask out clouds and cloud shadows.
False color composite images from Landsat (Shortwave infrared (SWIR-2), near infrared (NIR), and red (R) bands for RGB) for periods before, during, and after grazing in burned versus unburned patches were used to show the contrast between the patches during drought (2011), normal (2013), and wet (2015) yrs. EVI was calculated using the quality controlled Landsat and MODIS images following Equation 2. Comparison Between Burned and Unburned Patches Within Same Pasture
As each of the burned pastures (Pastures 1, 4, and 6) was divided into three patches (Patches A, B, and C), it was reasonable to compare the burned and unburned patches within the same pasture. The two unburned patches were grouped together for comparison. For example, Patches B and C were averaged into one group as unburned to compare with Patch A, which was burned in 2011. To ensure potential legacy effects (i.e., time since burning differences) did not affect our analysis, we included a Student's ttest analysis for EVI results between the two unburned patches in each year (i.e., Patches B and C in 2011, Patches A and C in 2012, etc.) for Landsat images (Table 4) .
Three sets of comparison were conducted between the burned and unburned patches within the same pasture. First, the time series of EVI was compared between the burned and unburned patches to examine differences in the study years with varying climate conditions. Second, the average values of the growing season (AprilÀOctober) EVI were calculated for the burned and unburned patches to represent the vegetation production under different treatments. These average values were also subject to a paired Student's t-test across the 6 yr of the study for each pasture to highlight significant (P < 0.05) differences among burned and unburned patches. Third, the EVI values for periods before grazing (Aprildcattle in), during grazing, and after grazing (cattle outdOctober) were used to compare the seasonality of forage availabilities in burned and unburned patches. Again, paired Student's t-tests were conducted between the burned and unburned to identify any significant (P < 0.05) differences. All comparisons were conducted for both Landsat-and MODIS-derived EVI data (EVI LS and EVI MOD ). The main difference between the two satellites for the data analysis was that only MODIS pixels with 50% or more overlap with pastures were included in the data analysis to reduce the effects of mixed pixels. This resulted in the loss of coverage in Patch B of Pasture 1 (Patch 1B) and Patch C of Pasture 4 (Patch 4C) in the MODIS data analysis.
Comparison Between Burned and Unburned Patches in Different Pastures
There were differences in soil types (see Fig. S1 ) and topography ( Fig. S2 , available online at: https://doi.org/10.1016/j.rama. 2019.10.002) among pastures, which might have complicated the data analysis. Thus, we mostly compared the burned and unburned patches separately in different pastures. The same set of comparisons for the burned and unburned patches within the same pasture (Section 2.4) were planned for the burned and unburned patches in different pastures, in the beginning of the study. However, because of the heterogeneity of the soil types and topography in different pastures, there were no consistent patterns throughout the study period among pasture comparisons. Therefore, while some discussion surrounds the potential differences of the pastures due to their varying soil type and topography (topoedaphic), only the time series of EVI between the burned and unburned patches in different pastures is presented (e.g., 1A vs. 1B and 1C, 4A vs. 4B and 4C in 2011 and 2014) .
Results
Dynamics of Landsat-Derived EVI (EVI LS ) in Burned versus Unburned Patches Within Same Pasture
The comparison of EVI LS between burned and unburned patches within the same pasture (Pastures 1, 4, and 6) in different yrs is depicted in Figure 4 . The figure explores the relationship of Patch A versus the average of Patches B and C in 2011, Patch B versus the average of Patches A and C in 2012, etc. The unburned patches usually outperformed (larger EVI) the burned patches in the 2 drought yr (2011 and 2012). The only exception was Patch B in Pasture 1 (Patch 1B) in 2012, where the burned patch outperformed the unburned patches, which is likely due to its landscape position (see Fig. S2 )dbottomland with lowest elevation of all the patches in the study area (i.e., large amounts of water storage). The unburned patches had larger EVI than the burned patches during the grazing period in normal yrs (2013, 2014, and 2016) (Fig. 3) . After cattle were removed, the burned patches outperformed their unburned counterparts in most cases in those 3 yr. The differences between burned and unburned patches were relatively small in 2015, a wet yr (the growing season precipitation in 2015 was about double the long-term value), except for Patch 1B, which may have experienced waterlogging condition due to its low elevation. Regardless of the annual climatic conditions, the EVI values converged at the end of the year in each pasture due to drop in temperature, which caused senescence.
Dynamics of EVI LS in Burned versus Unburned Patches in Different Pastures
The comparison of EVI LS between burned and unburned patches in different pastures is depicted in Figure 5 . The figure explores the time series relationship of Patches 1A, 4A, and 6A versus Pastures 2, 3, and 5 in 2011 and Patches 1B, 4B, and 6B versus Pastures 2, 3, and 5 in 2012, etc. In contrast to results found for the within-pasture comparisons (Section 3. 1), there was no clear pattern, in terms of their performance, indicated by the well-mixing of the EVI LS time series for burned and unburned pastures (see Fig. 5 ). Thus, subsequent analysis focused on the comparison between burned and unburned patches within the same pasture.
Annual (Growing Season) and Periods of Growing Season (i.e., before, during, and after grazing) Comparison Between Burned and Unburned Patches Within Same Pasture Using EVI LS The average growing season (AprilÀOctober) EVI LS in burned and unburned patches within the same pasture is shown in Table 5 . The majority of burned patches (11 out of 18) had less production than unburned patches within the same pasture. The overall difference was 3% throughout the study period (2011À2016). Further, significant (P ¼ 0.025; see Table 5 ) differences among burned and unburned patches were observed across all years in Pasture 4. The differences were larger (13%), similar (3%), and smaller (< 1%) in growing seasons for a drought yr (2011), a normal yr (2013), and a wet yr (2015), respectively. The EVI LS values followed a decreasing order for Pastures 6, 1, and 4 in both burned and unburned patches (see Table 5 ), which again indicates that the landscape heterogeneity plays an important role among pasture comparisons (see Fig. 5 ). The dynamics of EVI LS for periods before, during, and after grazing indicate the seasonality of forage availabilities (Fig. 6) . However, as we did not find a significant difference for the beforegrazing period, we omitted these comparisons. Nevertheless, precipitation was the controlling factor affecting the seasonal dynamics of EVI LS . The EVI LS values mostly peaked during the grazing periods when high peaks of precipitation also occurred, indicating the strong control of precipitation on EVI LS . Another important feature was that the differences in EVI LS between during and after grazing were smaller in burned patches than unburned patches, indicating better vegetation growth in burned patches after cattle were removed. In addition, the statistical results (Table 6) clearly showed that EVI LS differences between during and after grazing periods for burned patches were smaller than those with unburned patches in most cases (14 out of 18), even significantly (P ¼ 0.035; see Table 6 ) so in the case of Pasture 1.
The false color composite images from Landsat are shown for visual comparison (Fig. 7) for periods before, during, and after grazing in the burned and unburned patches of Pasture 1 in drought (2011), normal (2013), and wet (2015) yrs. Pasture 1 was chosen for visual comparison due to the statistically significant (P ¼ 0.035; see Table 6 ) differences identified. The greenness indicates the vegetation growth. In 2011, the burned patch (1A) had worse vegetation growth than its unburned counterparts for the beforegrazing period. The difference remained the same throughout the year. The differences between burned (1C) and unburned patches were less obvious in 2013 than in 2011. The burned patch (1B) was less green than the unburned patches during the grazing period in 2015. However, there were little differences in greenness between the burned and unburned patches after the grazing period in 2015. These insignificant differences (Table 7) were consistent with Student's t-tests for annual averages of EVI LS for during and after grazing periods throughout dry and wet years (see Table 6 ). Normal years also resulted in an insignificant Student's t-test for the aftergrazing period EVI LS values, but for the during-grazing period the Student's t-test suggested a significant difference (P ¼ 0.022; see Table 7 ).
Dynamics of MODIS-Derived EVI (EVI MOD ) in Burned versus
Unburned Patches Within Same Pasture
The comparison of EVI MOD between burned and unburned patches within the same pasture in different years is depicted in Figure 8 . Because there were no MODIS pixels overlapping 50% or more with Patches 1B and 4C, there was no comparison between burned and unburned patches in Pasture 1 for 2012 and 2015 and Pasture 4 for 2013 and 2016. However, the time series of EVI MOD better reflected the dynamics of vegetation growth than did EVI LS because of its higher temporal resolution, especially for 2011 and 2012 when only Landsat 7 was available at a 16-d interval. Similar to EVI LS , the EVI MOD were higher in unburned patches than burned patches in the 2 drought yr (2011 and 2012) except for Patch 4B in 2012 (reason discussed later in Section 4.3). The EVI MOD in the burned patches was usually lower than the unburned patches in normal yrs (2013, 2014, and 2016) . Again, the burned patches had better vegetation growth than the unburned patches after cattle were removed. The dynamics of EVI MOD in the burned patches matched well with those in the unburned patches in the wet yr (2015) .
Dynamics of EVI MOD in Burned versus Unburned Patches in Different Pastures
As it has been observed among pasture comparison using EVI LS , the EVI MOD in burned patches did not differentiate from the unburned patches in different pastures, indicated by the well-mixing of EVI MOD time series for burned and unburned patches (Fig. 9) , which again showed the role of landscape heterogeneity in vegetation production.
Annual (Growing Season) and Periods of Growing Season (i.e., before, during, and after grazing) Comparison Between Burned and Unburned Patches Within Same Pasture Using EVI MOD Table 8 summarizes the average of the growing season (AprilÀOctober) EVI MOD for burned and unburned patches Differences in Enhanced Vegetation Index (EVI) between during and after grazing periods for burned versus unburned patches within the same pasture from Landsat. The bolded values indicate smaller EVI differences in burned patches when compared with unburned patches. Significant differences (P < 0.05) among pastures found by conducting the Student's t-test are bolded and italicized within the P values stated.
Landsat
Pasture 1 within the same pasture. In half of the pastures, burned patches had higher EVI MOD than the unburned patches. The average of EVI MOD throughout the study period was higher in the unburned patches than the burned patches. The decreasing order of EVI for Pastures 6, 1, and 4 in both burned and unburned patches was observed for both EVI LS (see Table 5 ) and EVI MOD (see Table 8 ). Figure 8 . Moderate Resolution Imaging Spectroradiometer (MODIS)-derived Enhanced Vegetation Index (EVI) for burned versus unburned patches within the same pasture in a, 2011, b, 2012, c, 2013, d, 2014, e, 2015, and f, 2016. Dashed lines indicate the burning dates. Shaded areas are grazing periods. Different colors are different pastures. Solid vertices represent burned patches, and hollow vertices represent unburned patches within the same pasture. Note that the different number of lines in the panels was caused by missing data due to low overlap of MODIS pixels with patches 1B and 4C. Precipitation was the controlling factor determining the pattern of EVI as precipitation and EVI MOD peaked at the same time (during grazing period) (Fig. 10 ). The differences in EVI MOD between during and after grazing periods were smaller in burned than unburned patches (see Fig. 10 and Table 9 ). However, for most of the pastures the differences in EVI MOD (see Table 9 ) were not as notable as those found in EVI LS (see Table 6 ), probably because of the mixed pixel problem in MODIS. However, it is worth mentioning that Student's t-test for differences in annual averages of EVI MOD for during and after grazing periods was significant (P ¼ 0.033; see Table 9 ) at the largest pasture (Pasture 6 of 301.35 ha). This is likely due to both performance of patches under different conditions, as well as lesser pixel mixing problem. 2011, b, 2012, c, 2013, d, 2014, e, 2015, and f, 2016. Dashed lines indicate the burning dates. Shaded areas are grazing periods. Red color lines represent burned patches, and blue color lines represent unburned patches.
Discussion
Interactions Between Pyric Herbivory and Climate Conditions on Tallgrass Prairie Systems
Previous studies in a similar region have suggested that pyric herbivory affects vegetation production in tallgrass prairie systems (Collins 1987; Vinton et al. 1993; Fuhlendorf and Engle 2004) . However, the importance of climate has not been properly investigated because of short-duration experiments or relatively stable climate conditions during those experiments. Our results showed that the differences in EVI between burned and unburned patches varied under differing climate conditions (see Figs. 4 and 8) . The differences were found to be larger, similar, and smaller than the average in drought (2011), normal (2013) , and wet (2015) yrs, respectively. The results suggest that farmers may employ patch burnings in wet and normal years as the differences were similar (1À3% differences) but avoid them during drought years as the difference was relatively high (13%). In addition, the dynamics of EVI for periods before, during, and after grazing were also controlled by precipitation distribution (see Figs. 6 and 10) . These findings indicate that the burning and climate interactions determine impacts of grazing on interannual variability of grassland production in tallgrass prairie systems.
Since all the tallgrass prairie pastures in this study were exposed to the same stocking rate, the interactions between pyric herbivory and climate were the controlling factors on grassland production. Burned patches had less growing season production than unburned patches within the same pasture in most but not all cases (11 out of 18 based on EVI LS ) (see Table 5 ). This variability in results indicates that there were other determinants of grassland production such as soil composition and landscape position (Briggs and Knapp 1995) . Therefore, future experimental design should also consider these factors to examine their importance on determining grassland production in conjunction with burning managements, stocking rates, and varying climate conditions.
Seasonality of Forage Availability in Burned versus Unburned Patches Within Same Pasture
The designated pastures included both burned and unburned patches to create a rotational 3-yr patch burning cycle. Since there were no physical fences between the burned and unburned patches within a single pasture, the cattle had free access to both burned and unburned patches. The newly burned patches are known to be attractive to cattle for grazing, which might promote selective/focal grazing in burned portions of the pastures (Fuhlendorf and Engle 2004; Vermeire et al. 2004; Scasta et al. 2016) . Our results are in accordance with these previous findings, indicated by the lower EVI during grazing but better vegetation growth (higher EVI) after cattle were removed in the patches that were subjected to patch burning (see Figs. 6 and 10) . This finding is also consistent with observations that cattle grazed more heavily on the newly burned patches (based on Global Positioning System collars, data not shown). This is likely due to the higher quality of grass in the burned pastures and litter/weed accumulation in the unburned pastures (Fuhlendorf and Engle 2004; Vermeire et al. 2004) . Burning helps to remove residual dead materials that cattle are less willing to ingest in unburned pastures (Tony 1989) .
The seasonal dynamics of EVI is an indicator of the seasonality of forage availability. The burned patches were able to provide better quality forage for cattle in the early grazing season (Engle et al. 1998; Tony 1989; Scasta et al. 2016) , though the forage production in the burned patches was often relatively low. Moreover, the burned pastures had better vegetation growth after cattle were removed in normal years because of the exclusion of cattle grazing and the increased nutrient content of the soil from the burning, as well as the urine and fecal deposition by the cattle (Johnson and Matchett 2001; Raynor et al. 2017) . In contrast, during drought years the unburned pastures had higher EVI than burned pastures. This indicates better forage production in the unburned pastures than the burned pastures in dry conditions due to reduced availability of soil moisture under burning (Weaver 1954; Anderson et al. 1970; Wagle and Gowda 2018) . Thus, patch burning within a pasture/paddock might better balance the quantity and quality of grass available for cattle grazing (Fuhlendorf and Engle 2004) .
Important Role of Topoedaphic Variability in Determining Pyric Herbivory and Climate Interactions
We found that the burned patches usually had lower and similar EVI values with the unburned patches in drought (2012) and wet yrs (2015), respectively (see Fig. 4 ). However, Patch 1B (burned) had higher EVI than its unburned counterparts in both years. The elevation of Patch 1B was much lower than Patches 1A and 1C, which might help explain this discrepancy due to differences in soil water availability (see Fig. S2 ). Landscape heterogeneity associated with topoedaphic differences within grasslands has long been an interest of rangeland researchers (Burnett et al. 1998; Nichols et al. 1998; Tews et al. 2004; Lundholm 2009; Parks and Mulligan 2010; Winter et al. 2011) . The effects of pyric herbivory on vegetation growth could be secondary to topoedaphic variables (Winter et al. 2011 ). More available water might have facilitated vegetation growth in Patch 1B. However, the same explanation is not applicable for Patch 4B, which was burned and had higher EVI than its unburned counterparts in 2012. A possible explanation is that the soil types in Patch 4B had better plant-water relations than the other two patches (see Fig. S1 ) as past studies have found that regions that are arid to semiarid might experience varying levels of evaporative loss due to soil textures (e.g., coarse-texture equates to low evaporative loss while fine textured equates to high evaporative loss) (Noy-Meir 1973) . Better plant-water relations (storing capacity) in differing fields could balance out the disadvantage caused by higher elevation. Thus, the topoedaphic variability also played an important role in determining the pyric herbivory and climate interactions. This is also supported by the bigger differences among pasture comparisons (see Figs. 5 and 9) when compared with the within-pasture comparisons (see Figs. 4 and 8) . More studies are needed to incorporate all these factors to better evaluate pyric herbivory and climate interactions on tallgrass prairies.
Conclusions and Management Implications
Using satellite remote sensing data, this study investigated the importance of burning and climate interactions on the impacts of cattle grazing in tallgrass prairie systems. The differences between burned and unburned patches were dependent on climate conditions with the unburned pastures outperforming (higher EVI or vegetation production) the burned pastures in dry years. However, the differences between burned and unburned patches were smaller during normal and wet years. Thus, this study suggests that Figure 10 . Moderate Resolution Imaging Spectroradiometer (MODIS)-derived Enhanced Vegetation Index for periods before, during, and after grazing in the growing season (AprilÀOctober) for burned versus unburned patches within the same pasture. Light blue stars represent precipitation corresponding to grazing periods. The years without graphical data are comparisons not applicable because of the requirement for 50% overlap of MODIS pixels and patches. farm managers can employ patch burnings in wet and normal years but should recognize additional consequences of patch burning during drought years. Also, the seasonal EVI dynamics was controlled by precipitation distribution. More specifically, the burned pastures had higher regrowth of vegetation following the removal of cattle grazing, most likely due to the greater nutrient availability than the unburned pastures. This suggests that farmers can employ patch burning to manage forage seasonality (hay harvest in the late growing season). Overall, our findings suggest that burning and climate interactions determine impacts of grazing on grassland production in tallgrass prairie systems. Different seasonality of forage availability in burned and unburned pastures, indicated by EVI, implies that patch burning within a pasture/ paddock is a good strategy to balance the quantity and quality of grass available for cattle grazing. Furthermore, our methods provide new insights into the use of remote sensing in the field of pyric herbivory studies. In addition, landscape heterogeneity, such as soil types and topoedaphic variability, must be considered in both experimental design and evaluation for future studies. Differences in Enhanced Vegetation Index (EVI) between during and after grazing periods for burned versus unburned patches within the same pasture from Moderate Resolution Imaging Spectroradiometer (MODIS). The empty cells are comparisons not applicable because of the requirement for 50% overlap of MODIS pixels and pastures. The bolded values indicate smaller EVI differences in burned patches when compared with unburned patches. Significant differences (P < 0.05) among pastures found by conducting the Student's t-test are bolded and italicized within the P values stated.
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